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Abstract 
 
A new alloy system that consist of multi principle elements in equiatomic or near equiatomic 
ratios termed high entropy alloys with balanced strength and ductility are presently of great 
research interest in materials engineering. The FCC-structured Fe45Ni25Cr25Mo5 high entropy 
alloy possess an extreme ductility but limited strength. The effect of strengthening mechanisms; 
age hardening and a secondary elements addition Titanium and Boron to Fe45 Ni25Cr25 Mo5 were 
investigated. The samples were synthesized using arc melting. Fe45 Ni25Cr25 Mo5 alloy exhibits 
a large hardening effect at temperatures of 700°C, 800°C, 900°C and 1000°C whilst having a 
smaller hardening effect at 600°C. Small needle-shaped σ-phase (~25-30 Micron) starts to 
precipitate near the eutectic structure after longer aging time. The additions of Titanium and 
Boron have changed the eutectic structure from a divorced eutectic into a network of fine 
lamellar eutectic thus increasing the hardness of the as-cast. Aging treatment of Fe45 Ni25Cr25 
Mo5 with element additions shows the formation of smaller needle-shaped precipitates (~5-10 
Micron) formed during aging treatment. The alloy exhibits a large hardening effect at 800°C 
due to combined effects of eutectic network and precipitation hardening with the hardness 
peaked at 403HV 
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1 Introduction 
There’s always been a desire to develop a new material with enhanced properties. As industries 
such as aerospace, transportation and energy field are advancing, they require more extensive 
mechanical properties than the conventional alloys can provide to support their applications. 
The approach of having one principal element and adding a minor element in conventional alloy 
limits the number of alloys that can be developed. A new alloy system that consist of multi 
principle elements in equiatomic or near equiatomic ratios termed High Entropy Alloys (HEAs) 
were proposed by Yeh et al. in 2004 [1]. A HE Alloys is defined as an alloy that contain at least 
5 principle elements in which each principle element has between 5 at% to 35 at% concentration 
[1]. This definition can also be extended to be an alloy with four principle elements with one of 
them may exceed 35% and the minor elements may not exceed 5% [2]. With such a new and 
novel concept, high entropy alloys are still at an infant stage compared to that of traditional or 
conventional alloy. The need to find high entropy alloys with extensive mechanical properties 
such as balanced strength and ductility to solve the shortcomings limitations of conventional 
alloys have attract scholars to find the right composition, phase and materials.  
There exists a research gap between conventional and high entropy alloys, due to its nature 
being equiatomic or near equiatomic, high entropy alloys lead to high cost which limits their 
industrial applications. A novel cost-effective non-equiatomic Fe-based high entropy alloys 
Fe45 Ni25Cr25 Mo5 is developed in 2018 by Yu Yin and co-workers [3]. This FCC-structured 
high entropy alloys possess an extreme ductility but limited strength. Applying strengthening 
mechanisms such as age hardening and secondary elements addition to this FCC-structured 
high entropy alloys will possibly trade-off some ductility to strength with aim to achieve a 
balanced strength and ductility. Research questions arises whether it is possible improve the 
strength of this alloy while still maintaining its tremendous ductility 
The effect of aging treatment and intermetallic forming elements Titanium and Boron addition 
to Fe45 Ni25Cr25 Mo5 and its effect on mechanical properties were studied. All elements were 
synthesized using arc melting in argon atmosphere. Vickers hardness test were used to compare 
the effect aging treatments and element additions on hardness of different samples. The final 
microstructure will be analysed and characterized using optical and Scanning Electron 
Microscope (SEM). Energy Dispersive Spectroscopy (EDS) Mapping were used to determine 
the phase and composition of the developed alloy. 
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2 Literature Review 
2.1 High Entropy Alloys 
2.1.1 High Entropy Alloys Concept 
A new alloy system that consist of multi principle elements in equiatomic or near equiatomic 
ratios termed High Entropy Alloys (HEAs) were proposed by Yeh et al. in 2004. High entropy 
alloys (HEAs) are defined as a solid solution alloys that contain more than five principal 
elements in equimolar or near equimolar ratios [1]. This definition can also be extended to be 
an alloy with four principal elements with one of them may exceed 35% and the minor elements 
may not exceed 5% [2]. This definition conceptually opens up new avenues for alloy designs 
[4]. The number of alloys that can be developed increased exponentially from conventional 
alloy, which consist of one base element, as there will be so many different combinations of 
material. This poses a great challenge for material scientist in designing a novel high entropy 
alloys for future applications 
For an alloy system, when liquid and solid solution are formed, the Gibbs free energy of mixing 
can be expressed as follow [5] 
                                                   𝛥𝐺𝑚𝑖𝑥 = 𝛥𝐻𝑚𝑖𝑥 − 𝑇𝛥𝑆𝑚𝑖𝑥                             (1) 
Where  𝛥𝐺𝑚𝑖𝑥 is Gibbs free energy of mixing, 𝛥𝑆𝑚𝑖𝑥 is the change in entropy of mixing, T is 
the absolute temperature and 𝛥𝐻𝑚𝑖𝑥 is the change in enthalpy of mixing. As mixing enthalpy 
are kept constant, increasing the mixing entropy will reduce Gibbs free energy which leads to 
a more stable alloy system [5]. The mixing entropy configuration for an equiatomic high 
entropy alloys is given by 
                                                                             𝛥𝑆𝑚𝑖𝑥 = 𝑅 ln 𝑛                                      (2) 
Where R is the molar gas constant 8.314 J/K and 𝑛 is the number of elements present in the 
alloy. High entropy alloys are defined as alloys with configurational entropy higher than 1.5R 
(𝑛 ≥ 5) [2].  
As the number of elements present in the alloy increases, the mixing entropy of the alloy 
increases which leads to tendency of it being stable in high entropy phases such as solid 
solutions. 
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2.1.2 Four Core Effects 
Due to equimolar concentration of each component, high entropy alloys have four core effects 
[5] that is high entropy effects which stabilizes high entropy phases such as solid-solution 
phases in terms of thermodynamics, sluggish diffusion effects which explain the easier 
formation of nano-sized precipitations in terms of kinetics, severe lattice distortion in which 
each element has the same possibility to occupy lattice site in terms of structures and cocktail 
effects in which unexpected properties can be obtained after mixing many elements in terms of 
properties. 
2.1.2.1 High Entropy Effect 
As high entropy alloy consists of four or more elements, it is expected that HEAs have many 
different interactions among elements. We would expect due to the equimolar or near equimolar 
ratio of more than four elements in the alloy, intermetallic phases would form rather than solid 
solution phases.  However, counterintuitively, the high mixing entropy in the alloy tend to 
stabilize high entropy phases such as solid solution phase [5]. High entropy effect enhances the 
formation of solid solution. This, however, does not mean all multi-component is equimolar 
ratio will form solid solution phases [5]. When an alloy is in solid state, according to the second 
law of thermodynamics, the equilibrium state is determined by the states that have the lowest 
free energy of mixing. These possible states are intermetallic compounds, elemental phases and 
solid solution phases [6]. As intermetallic compounds have a low configurational entropy [6], 
according to Gibbs energy of mixing, it would have higher free mixing energy than high-
entropy states such as solid solution phases. Elemental phase on the other hand have an even 
smaller configurational entropy as they are based only on one major element [6]. 
2.1.2.3 Sluggish Diffusion Effect 
The high interactions between the elements inside high-entropy alloys leads to a sluggish 
diffusion effect. As high entropy alloys mainly contain solid solution both in random and 
ordered type, their matrices are a whole solute matrix [6]. This means the diffusion on an atom 
is very different to the one from the conventional alloy. Sluggish diffusion effect is related to 
the formation of nano-sized precipitates in the alloy [5]. In high entropy alloy, the nuclei of the 
phases are relatively easy to form however the diffusion rate is very slow hence the name 
sluggish [5]. Recent study [5] on the vacancy formation on high entropy alloy found that the 
diffusion rate of high entropy alloy is slower than stainless steels and are even slower than pure 
metals. This sluggish behaviour might affect the alloy in a good way since it provides various 
advantages. Factor such as phase nucleation, growth and transformation can be affected and 
possibly be controlled by exploiting this behaviour [6]. The advantages of the sluggish diffusion 
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include; easier to get supersaturated phase and finer precipitates, slower grain growth, higher 
recrystallization temperature and higher creep resistance. These advantages would make high 
entropy alloys an ideal candidate for future high temperature applications. 
2.1.2.3 Sever Lattice Distortion Effect 
Compared with conventional or traditional alloy with one principle element where the lattice 
site is occupied by the dominant constituent, in high entropy alloy, there is a same possibility 
of each element occupy the lattice site since there are no dominant constituent [5]. The fact that 
each element has a very different size, high entropy alloy introduces severe lattice-distortion 
effect. In addition, different bonding energies and crystal structure adds up creating an even 
higher lattice distortion.  
 
 
 
 
 
 
 
Heavily distorted lattice will effectively increase the hardness and strength because of solution 
hardening [6]. Recent studies [6] have found that face-centered cubic (FCC) alloys shows 
smaller solution hardening than body-centered cubic (BCC) due to higher number of nearest 
atom neighbours which are 12 and 8 respectively. This results in lower or smaller distortion 
strain in FCC alloys. 
2.1.2.4 Cocktail Effect 
As high entropy alloys are made up by mixing four or more elements, unexpected properties 
can be obtained, and they are not necessarily coming from one of the elements individually [5]. 
The effect is used to emphasize the enhancement of properties contributed by all alloying 
elements in the alloy. The cocktail effect showcases that the properties of the alloy can be 
adjusted by changing the alloying element and composition change [5]. 
Figure 1. Diagram showing large lattice distortion in five component BCC lattice [6] 
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Figure 2 shows the effect of increasing Al content (at%) in AlxCoCrCuFeAl alloy to phase 
transformation and strength increase. As Al increased beyond the critical value, the FCC phase 
transform into BCC phase thus increases the hardness significantly showing the cocktail effect. 
2.1.3 Phases  
As the aforementioned, phases in conventional or traditional alloy are typically classified intro 
three different phases namely terminal or elemental phases, intermetallic compounds and solid 
solution phases [7]. Terminal or elemental phases are phases based only on one major elements. 
Intermetallic compounds are a stoichiometric compound that have a fixed composition ratio 
and solid solution phases are phases based on both simple FCC BCC structure and complex 
structure [7]. However, in high entropy alloy phases are classified differently [7]. In high 
entropy alloys, the phases are classified as ordered solid solution, random solid solution and 
intermetallic compounds, in which, one may argue can also be classified as ordered solid 
solutions [7]. Studies [5] have found that high entropy alloys tend to form random or ordered 
solid solution phases having a simple body centered cubic (BCC), face-centered cubic (FCC), 
and hexagonal closed pack (HCP) structures rather than forming an intermetallic phase. This is 
intuitive since the high number of elements in high entropy alloys will correspond to higher 
configurational entropy which reduces the Gibbs free energy thus stabilizing the solid solution. 
However, this only applies at high temperatures. When high entropy alloys undergo cooling, 
the temperature drops hence the Gibbs free energy is increased, and the alloy may undergo 
phase transformation. 
 
 
Figure 2. Cocktail effect in AlxCoCrCuFeAl alloy [6] 
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2.1.4 Crystal Structure 
As we mix many different elements in high entropy alloys, it is hard to predict what crystal 
structure that are going to be present in the alloy. Most high entropy alloys contain BCC, FCC 
or possibly mixture between these crystal structures [6].  
2.1.4.1 FCC and BCC-structured single-phase high entropy alloys 
Characteristic of dislocations in metals are important to their mechanical properties. 
Dislocations in metals requires slip planes in a particular slip direction. Face-centred cubic 
(FCC) structure slip plane is the (111) plane all of which are closely packed [8] and makes slip 
easier. 
 
 
 
 
 
 
 
 
If stress is applied, the critical resolved shear stress forcing the dislocation to move in particular 
direction. The amount of energy required to move (such as from A to C) and create dislocation 
in an FCC structure are lower since the energy barrier for dislocation to occur is lower making 
it ductile. The critical resolved shear stress required to move dislocations is two orders of 
magnitudes lower in FCC than it is required in a BCC crystal structure [8]. 
For structural applications, this ductility is important since plastic deformation are seen before 
a complete failure. In the other hand, for brittle material, there are no plastic deformation 
making it dangerous since fracture may occur without any previous alert. This ductility however 
comes at a lower strength. There have been quite several developed FCC-structured high 
entropy alloys such as [4] Al0.5CoCrFeNi, CoCrFeNi, CuNiCoFe, FeCoNiCrCu, FeNiCrMo, 
VCuFeCoNi with the main aim to produce extensive mechanical properties. The uniqueness of 
high entropy alloys lies on the fact that elements with different crystal structure can form a 
Figure 3. (a) {111} slip system shown within FCC unit cell  (b) the (111) plane from (a) [8] 
 pg. 7 
 
single-phase solid solution such as CoCrFeNi [6] that forms a single-phase FCC structure where 
not all constituent have FCC structure individually.  
Body-centered cubic (BCC) crystal structure, on the other hand, have higher number of slip 
system that impedes each other making slip movement very difficult. This caused them to be 
brittle. However, BCC-structured high entropy alloys are favourable for high-strength 
applications as they show higher tensile and yield strength than FCC-structured high entropy 
alloys. In addition, BCC-structured high entropy alloys have been observed to be stable at high 
temperature applications [9]. There have been a number of developed high entropy alloys with 
a single-phase BCC structure. Alloy such as TaNbHfZrTi [9], TaNbVTi [10], WnbMoTa [11] 
are now widely being studied and compared to the currently used superalloys for thermal 
protection system or gas turbines [9]. 
2.1.4.3 Mixture of FCC and BCC high entropy alloys 
High entropy alloys that is processed using liquid metallurgy routes are likely to show the 
presence of two or more phases [6]. Recent studies [6] have found that AlCrCuFeNi alloy when 
processed by Mechanical Alloying (MA) shows a single-phase structure. However, when it was 
processed using arc-melting, the alloy exhibits a multiphase structure of (FCC + BCC). The 
This effect may have been caused by the slow rate of solidification that allows different phases 
to grow [6]. There have been quite several developed multiphase (FCC + BCC) alloy such as 
AlCoCrCuFeNi [1], AlCrCuFeNi [12] and, AlCoCuNi [13]. AlCrCuFeNi have shown excellent 
mechanical properties having a fracture strength of 1624 MPa with a fracture stain of 21% [14]. 
The alloy has a very good potential for future high strength applications 
2.1.5 Mechanical properties compared with other alloys  
In a traditional or conventional alloy with one principle element, the mechanical properties and 
behaviour of the alloys is dictated by the dominant element. Specific and special properties are 
achieved using a minor alloying element [5]. Alloys such as steels requires a combination of 
carbon and iron to produce lighter and stronger metal than pure iron, while aluminium alloys 
are a combination of very soft and light weighted pure aluminium and alloying element such as 
magnesium or copper making it have excellent strength to weight ratio which are now widely 
used in aerospace applications. 
The mechanical properties of high entropy alloys on the other hand could be different from any 
of the constituent elements on it [5]. Their crystal lattice is the one controlling the mechanical 
properties. As mentioned before, the crystal lattice of high entropy alloy would mostly be either 
face-centred cubic (FCC) or body-centred cubic (BCC). The FCC-structured high entropy 
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alloys have higher ductility but lower strength, while the BCC-structures high entropy alloys 
have a very high strength but limited ductility [5]. The mixture of FCC and BCC phase 
(FCC+BCC) is expected to have a balanced strength and ductility. The map of maximum 
compressive strength and the fracture strain of various high entropy alloys are shown below 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 shows that most high entropy alloys such as AlCoCrCuFeNiMox possess very high 
ultimate compressive strength with a very limited fracture strain making it very brittle. On the 
other hand, CoCrFeNiTix have a very high fracture strain (ductility) but a very low compressive 
strength.  
Designed high entropy alloys were reported to have superior mechanical properties such as 
higher strength compares to structural ceramics and ultrahigh fracture toughness. High entropy 
alloys are also reported to be superconductive and have a significant resistance to corrosion [4]. 
While high entropy alloys are still being widely explored, high entropy alloys are a good 
candidate for structural, aerospace and energy industries applications. 
 
 
Figure 4. Map of Ultimate Compressive Strength and Fracture Strain on various HEAs [3] 
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2.2 High entropy alloy sub-groups 
2.2.1 3d Transition Metals 
 
 
Figure 5. 3d transition metal on the periodic table [15] 
Majority of high entropy alloys currently being researched contain 3d transition metals [16]. 
This include Mn, N, Co, Cr, Ti, V, Fe, Ni. Alloys containing at least 4 of these metals are 
considered 3d transitional metal HEAs [16]. The most famous examples of which belongs to 
this high entropy alloy classes is Cantor Alloy, an equatomic CoCrFeMnNi [17], which are 
considered the first prototypical single-phase disordered solid solution alloy [16] developed in 
2004. High entropy alloys based on these elements may also and likely to contain B, C, and N. 
Alloy in this family from its chemical constituent resemble austenitic stainless steels since they 
are based on Fe-Cr-Ni system or nickel-based superalloys [6].  
2.2.2 Refractory Metal 
 
 
Figure 6. Refractory metals on the periodic table [18] 
High entropy alloys containing refractory metals have attracted researches due to their potential 
high-temperature applications. This high entropy alloys contain refractory elements such as Mo, 
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Nb, Ta, Ti, V, W, Hf, Zr. High entropy alloys containing at least 4 of these refractory elements 
are considered to be refractory high entropy alloys (RHEAs) [16]. As the demand of material 
with superior high-temperature properties, refractory high entropy alloys have become a 
considerable interest in research [6]. Although refractory elements offer a wide range 
advantages, refractory elements have a poor oxidation resistance which has been a challenge 
for researchers working with refractory high entropy alloys. Senkov and co-workers [16] 
studied compressive behaviour of WNbMoTa and WNbMoTaV refractory high entropy alloys 
from room temperature up to temperature of 1600°C. It is found that both RHEAs show a brittle 
fracture at room temperature but shows an extensive plasticity at higher temperature. It is worth 
noted that majority of refractory high entropy alloys showed a similar behaviour [6]. 
2.2.3 Intermetallic Compounds 
2.2.3.1 B2 Phase 
B2 Phase originated from an ordered structure based on body-centered cubic (BCC) crystal 
structure. Studies have found [6] that B2 phase are present in many high entropy alloys as a 
major or a minor phase. It is also been observed to precipitate during aging treatment of BCC- 
structured high entropy alloys [6]. High entropy alloys containing 3d transitional elements are 
observed to have B2 phase present, and all of them contain either one of Fe, Co and Ni along 
with Al [6]. It is observed that the presence of B2 phases is attributed to the interaction between 
Al with these elements. 
2.2.3.2 Sigma (σ) Phase 
High entropy alloys containing Cr have been observed to have sigma phase on them. The 
formation of sigma phase has been observed on numerous high entropy alloys containing Fe 
and/or Co together with high amounts of Cr and/or Mo [6]. Studies [6] have found that sigma 
phase is an indication that there is a possibility of different solid solution types can be achieved 
and it is all dependant on interaction and the difference of atomic size. 
2.3 Current Issues with High Entropy Alloys 
2.3.1 Price of Equiatomic HEAs 
Many industries are currently looking of a new material that possess extensive mechanical 
properties at a lower price for structural applications such as aerospace engineering and civil 
transportation. These extensive mechanical properties such as high wear resistance, low 
temperature ductility, superparamagnetism, good corrosion resistance, high temperature 
oxidation resistance can easily be achieved with high entropy alloys [3].  
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However, these extensive mechanical properties do not come at such low cost. The concept of 
having more than one principal element near equimolar ratios in high entropy alloys limits their 
industrial application as they are may be costly. The price of the common materials used in high 
entropy alloys are listed in table 1.  
Table 1.The price of commonly used materials in high entropy alloys 
Material Price (USD) / Metric Ton 
Aluminium (Al) $2323 [19] 
Molybdenum (Mo) $26000 [20] 
Iron (Fe) $71.40 [21] 
Chromium (Cr) $7200 [22] 
Nickel (Ni) $12425 [23] 
Titanium (Ti) $4800 [24] 
Copper (Cu) $6102 [25] 
Cobalt (Co) $34500 [26] 
 
Having four or more materials near equimolar ratios will not be ideal as the price of the alloys 
will be very high. These have attracted researchers to find the best combination or a novel 
approach such as integrating the conventional alloy design strategy with the design of the high 
entropy alloys on tackling this issue. 
2.3.2 Mechanical properties of FCC-structured HEAs 
FCC-structured high entropy alloys as predicted possess high or in some cases extreme ductility 
that comes with limited strength. The possibility of trading this ductility with strength have 
attracted researcher over the past years.  Recent work on FeNiCrMo high entropy alloy using 
micro hardness test [3] have shown that the proeutectic FCC solid solution in the microstructure 
of the hypo-eutectic composition was responsible for low hardness in the alloy. The FCC phase 
of this high entropy alloy corresponded to hardness ranging from 129.0HV to 369.3HV [3]. The 
possible applications for this FCC-structured high entropy alloy will be wider if the hardness 
can be increased. Applying a strengthening mechanism such as age hardening to this FCC-
structured will possibly trade-off some ductility to strength with aim to achieve a balanced 
strength and ductility. 
However, researcher have come close to achieving FCC-structured high entropy alloy with 
excellent properties. CrMnFeCoNi [2] high entropy alloy which form a single-phase FCC solid 
solution exhibits an excellent tolerance in damage with tensile strength exceeds 1 GPa and 
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fracture toughness values of 200 MPa.m1/2 while able to retain the properties at cryogenic 
temperatures [2]. 
2.4 Methods to solve the problem 
2.4.1 Fe-Based High Entropy Alloys 
With aim to address the cost of high entropy alloys, researchers are looking into the extended 
definition of high entropy alloys by developing a non-equiatomic especially Fe-based high 
entropy alloys. Recent study [27] have found that outstanding mechanical properties can be 
achieved by non equiatomic high entropy alloys. The mechanical properties of this non-
equiatomic alloy may even exceed those of equiatomic high entropy alloys [28]. Table 2 
summarized some of Fe-based high entropy alloys currently being developed and their 
mechanical properties [29]. 
Table 2. Summary of Fe-based high entropy alloys and their properties 
Alloy UTS (MPa) Elongation (%) Phase 
Fe40Mn27Ni26Co5Cr2     [30] 590 MPa ~ 40 % Single FCC 
Fe34Mn20Ni6Co20Cr20   [31] 550 MPa ~ 50 % FCC + HCP 
Fe40Mn40Co10Cr10        [32] 500 MPa ~ 55% Single FCC 
Fe50Mn30Co10Cr10           [27] 700 MPa ~ 50 % FCC + HCP 
  Fe49.5Mn30Co10Cr10C0.5  [27] 960 MPa ~ 60 % FCC + HCP + NP 
 
Although these alloys possess an extensive mechanical property, they contain cobalt which is, 
indeed, very expensive. Mass producing these alloys would not be economically viable to do 
in the long run. The need of developing a cost-effective high entropy alloys is clear and have 
attracted interests in research. 
With aim to reduce the cost of High Entropy Alloys (HEAs), the present work is trying to 
integrate the conventional alloy design strategy with the design of the High Entropy Alloys [3]. 
A novel cost-effective FCC based alloy namely Fe45 Ni25Cr25 Mo5 is used in this thesis to 
address the problem mentioned. This alloy is initiated by Yu Yin and co-workers [3]. Fe was 
selected as the primary element of this design due its low cost and high availability making it 
cost-effective. To obtain enough FCC phase and forming elements to ensure ductility, the ϒ-
stabilizer in ferrous alloy Nickel (Ni) is used [3]. The atomic ratio of the ferrous alloy Nickel is 
fixed at 25% to ensure the forming of FCC structure [3]. In attempt to ensure the formation of 
a single FCC phase, previous work by Sheng Guo and co-workers [33] shows that the average 
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valence electron concentration (VEC) must be greater than eight in High Entropy Alloys 
(HEAs) thus making Cr and Mo to be chosen as the intermetallic forming elements. 
Yu Yin and co-workers [3] previously tried to achieve strength and ductility trade-off by 
designing eutectic high entropy alloys.  This is done by preparing three groups of FeNiCrMo 
alloy with various compositions and changing the atomic composition of Mo and Cr one of 
which was used in this thesis. The atomic ratio of the alloy used for this thesis are Fe45 Ni25Cr25 
Mo5.  
 
Figure 7. Stress Strain Curve of FeNiCrMo high entropy alloys [3] 
The as-cast samples for this alloy possess hardness of 202HV. As seen in figure 7, this hypo-
eutectic high entropy alloy (HEA) possess extreme ductility and will not break under 
compressive stress. This creates possibility of trading off this ductility with strength and 
develop a balanced strength and ductility using a strengthening mechanism.   
2.4.2 Strengthening Mechanism 
In aim to trade ductility with strength, it is important to understand types of strengthening 
mechanism in metals. Plastic deformation depends on the ability of dislocations to move hence 
impeding the mobility of dislocations will enhance the mechanical strength and would require 
higher force to initiate plastic deformation [8]. Although there is a number of ways to restrict 
the mobility of dislocation motion, this thesis will explore three strengthening mechanism of 
metals. 
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2.4.2.1 Solid Solution Strengthening 
Solid solution is achieved when the atoms of the solvent and alloying elements dissolved in to 
each other creating a solid phase. Solid solution strengthening exploits the effect of impurity 
atoms that go into either substitutional or interstitial solid solution [8]. The strengthening occur 
since the lattice strain on the surrounding atoms are imposed. When the lattice strain is imposed, 
consequently, dislocation motion is restricted [8] hence increasing the hardness of the material 
2.4.2.2 Age Hardening 
Age hardening or precipitation hardening is a method of enhancing strength and hardness of 
metal alloys the formation of small dispersed particles of a second phase inside the original 
phase matrix. These small dispersed particles are termed “precipitates” and the strength 
increases with time hence “precipitation hardening & age hardening” [8]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Schematic for precipitation hardening [8] 
In a binary system, precipitation hardening starts with solution heat treating in which all solute 
atoms are dissolved to form a single-phase solid solution. This is achieved by heating the alloy 
Figure 8. Binary Phase Diagram [8] 
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to a single α phase field. After achieving a single solid solution phase, the alloy is quenched to 
an extent where no diffusion and no formation of β phase. The relatively weak and soft 
nonequilibrium supersaturated solid solution of α is present after quenching [8]. A second 
heating treatment termed “precipitation heat treating” is done below the single α phase field. In 
this α + β region, the diffusion rates become appreciable thus making β-phase start precipitating 
as some small dispersed particles.  
 
 
 
 
 
 
 
 
 
Precipitation hardening are usually done in different aging times and temperatures and can be 
collectively plotted as an aging curve as shown in figure 10. As time increases, the hardness 
and strength increase until it reaches the optimum point until it finally diminishes and overaged. 
However, due to the complexity of a quaternary phase diagram of the Fe45 Ni25Cr25 Mo5, it is 
difficult to determine what composition and temperature needed to achieve a single solid 
solution of FCC phase and had to be done experimentally. The as-cast samples of Fe45 Ni25Cr25 
Mo5 are subjected to different aging times and temperature their microstructure is to be analysed 
to see if a single solid solution can be achieved. 
2.4.2.3 Addition of Intermetallic Forming Elements 
The physical properties of materials are established on the interatomic forces that binds the 
atom together [8]. Addition of a secondary element to the as-cast base sample Fe45 Ni25Cr25 Mo5 
could trigger the forming of intermetallic compound inside the alloys. Unlike a traditional alloy 
where base material added with a certain percentage of other elements, intermetallic compound 
consists of a particular chemical formula with a fixed range of chemical composition and their 
Figure 10. Aging hardness curves of as-cast AlxCrFeMnNi0.5 aged at 600°C - 900°C with x = 0.3 [37] 
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bonding will not be weak metallic bonds but instead may be partly ionic or covalent making an 
ordered crystal lattice [34].  
These intermetallic may increase the hardness of the samples as more intermetallic forming 
elements besides the existing Cr and Mo are now present inside the alloy. The chosen secondary 
intermetallic forming elements are Titanium and Boron. Intermetallic such as Titanium & 
Nickel and boride may occur inside the alloy that in theory should increase the hardness. Recent 
studies [35] by Xiaotao and co-workers on the addition of Boron to the single FCC 
Al0.5CoCrCuFeNiB high entropy alloys shows precipitation of borides without changing the 
FCC phase and even its lattice parameters. This is good since we want borides to precipitate 
and impedes the dislocation motion. 
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3 Thesis Definition and Scope 
This thesis titled “Developments of Cost-effective Fe45 Ni25Cr25 Mo5 High Entropy Alloy with 
Balanced Strength and Ductility” investigates the possible strength and ductility trade off by 
strengthening mechanisms outlined in section 2.3.2 in the literature review section. 
The specific objectives of this research are to; 
1) To develop a novel cost-effective FCC-structured Iron-based High Entropy Alloys (HEAs) 
through age hardening and secondary elemental addition  
2) To understand the aging phenomenon of FCC-structured Fe45 Ni25Cr25Mo5 high entropy 
alloy and increase the hardness through precipitation hardening 
3) To Understand the effect of Titanium and Boron addition to Fe45 Ni25Cr25Mo5 as 
intermetallic forming elements to the hardness and microstructure 
4) To Understand the aging phenomenon of Fe45 Ni25Cr25Mo5 with elements addition and 
increase the hardness through precipitation hardening  
To achieve the sets of specific objectives mentioned above, this project will be divided into 3 
project phases along the course of research, each phase has their own expected outcomes 
summarized by table 3. 
Table 3. Project phases and their expected outcomes 
No Phases Expected outcomes 
1 Aging treatment of the Fe45 
Ni25Cr25 Mo5 
• Increase in hardness due to nano-sized 
precipitates forming (precipitation 
hardening)  
• Determine the aging behaviour of Fe45 
Ni25Cr25 Mo5 
2 Addition of Titanium and Boron 
to Fe45 Ni25Cr25 Mo5 
• Increase in hardness due to different 
intermetallic bonds forming in the 
alloy 
3 Aging treatment of sample with 
elements addition 
• Increase in hardness due to nano-sized 
precipitates forming (precipitation 
hardening) 
• Determine the aging behaviour of 
(Fe45 Ni25Cr25 Mo5) + TiB2 
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Table 4 summarizes the scope of this thesis 
Table 4. Thesis Scope 
In-Scope Out of Scope 
Strengthening Mechanism; Age Hardening and 
Microalloying 
Other types of strengthening 
mechanisms 
Addition of Titanium and Boron to Fe45 
Ni25Cr25Mo5 
Addition of other materials 
Manufacturing methods 
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4 Experimental Methods 
The experimental methods are divided into 3 sections namely metallurgical sample preparation 
which outlines the manufacturing process and sample preparation of the alloy, aging treatment 
which outlines the methods for aging treatment, and characterization which outlines the 
investigation method of alloy properties. 
4.1 Metallurgical Sample Preparation 
4.1.1 Arc Melting 
 
 
 
 
 
 
 
 
The constituent element (Fe, Ni, Cr, Mo, Ti, and B) powders with at least 99% purity were 
mixed according to the designed alloy. Mixed metal powders were put into a small cylinder of 
14 mm in diameter and 20 mm long. These cylinders were melted in the arc melting furnace 
using a water-cooled copper mould in argon environment. Using a current of 250A and 28.5 
voltage processing parameters, these ingots were remelted four times to improve chemical 
homogeneity. The chemical composition for base Fe45 Ni25Cr25Mo5 alloy and (Fe45 Ni25Cr25 
Mo5)100-3xTixB2x are shown in table 5. 
Table 5. %Atomic Composition of the samples 
Atom 
 
0.2 0.4 0.6 0.8 1 
Fe 45 44.73 44.46 44.19 43.92 43.65 
Ni 25 24.85 24.7 24.55 24.4 24.25 
Cr 25 24.85 24.7 24.55 24.4 24.25 
Mo 5 4.97 4.94 4.91 4.88 4.85 
Ti 0 0.2 0.4 0.6 0.8 1 
B2 0 0.4 0.8 1.2 1.6 2 
Figure 11. Arc Melter 
%Atomic 
X  
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4.1.2 Cutting and Polishing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The size of the synthesized ingots was approximately 120 x 12 x 8 mm. Smaller samples were 
cut from the ingots into 2-3mm thick using Struers Discotom-6 cutting machine.  Age treated 
samples were mounted Struers CitoPress mounting machine with 15ml Polyfast resin to 
investigate its effect on hardness and the microstructure. Mounted samples are then polished 
with Struers TegraPol-31 polishing machine with #320 sand paper for 3 minutes continued with 
Largo for 2 minutes and 30 sec and Mol for another 2 minute and 30 sec. The finished samples 
are cleaned up using alcohol 
 
4.2 Aging Treatment 
To induce in-situ formation of reinforced particles, the samples were subjected to aging and 
solid solution treatment. High temperature heat treatment furnace was used to do the aging 
treatment. Solid solution treatment was attempted for samples with element addition. Table 6 
summarize the aging temperature for the samples. 
Figure 12. Struers Discotom-6 cutting machine 
Figure 13. Struers CitoPress mounting machine Figure 14. Struers TegraPol-31 polishing machine 
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Table 6. Aging temperature of both samples 
Samples 600°C 700°C 800°C 900°C 1000°C 
Mo5 ✓ ✓ ✓ ✓ ✓ 
Mo5 + Additions ✓ ✓ ✓ Solid Solution Solid Solution 
 
The samples were age treated for 2-96hr and quenched in water. Table 7 summarize the aging 
time for the samples. 
Table 7. Aging time for both samples 
 
4.3 Characterization 
4.3.1 Microstructure Analysis 
 
 
 
 
 
 
 
To see and analyse and characterize the microstructure of the alloy, both optical microscope 
and Scanning Electron Microscope were used in the experiment. Table 8 summarize the 
microscope type and details that were used in the experiment 
Table 8. Type and details of microscope 
Type Details Magnification Additional 
Optical Microscope Reichert - Jung Optical 
Microscope 
50X , 100X - 
Scanning Electron 
Microscope 
 
JEOL-6610 
 
1200X , 3000X 
 
EDS MAPPING 
 
Samples 1 hr 2 hr 4 hr 8 hr 16 hr 24 hr 48 hr 96 hr 
Mo5 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
Mo5 + Additions - ✓ ✓ ✓ ✓ ✓ ✓ ✓ 
Figure 16. Optical Microscope Figure 15. Scanning Electron Microscope (SEM) 
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Before the microstructure can be analysed, the samples were etched using aqua regia (10ml 
HNO3 and 30ml of HCl) to reveal the microstructure of the alloy, the etchant help to remove 
deformed layer introduced during polishing. To identify the element composition of the 
possible precipitates forming after the aging treatment, the Energy Dispersive Spectroscopy 
(EDS) mapping was performed on the sample. 
4.3.2 Hardness Measurements 
Macro hardness were measured with Vickers hardness tester with a load of 5kg and a dwell 
time of 12s. Measurements was made with ten indentations to find the average value of 
hardness. Theses hardness were then collectively plotted to produce the aging curve of the 
samples. 
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5 Aging Phenomenon of Fe45 Ni25Cr25Mo5 
As the first phase of the project, the as-cast Fe45Ni25Cr25Mo5 are subjected aging treatment. 
Microstructure analysis using the optical and Scanning Electron Microscope (SEM) are 
conducted to have a closer look at the microstructure to see if there are any precipitates forming 
and Vickers hardness test are used to collectively plot the aging behaviour of Fe45Ni25Cr25Mo5 
5.1 Results 
5.1.1 Aging Curve 
The samples cut from the ingot were heat treated for 1 – 96 hours at temperatures ranging from 
600°C -1000°C and quenched in water. The as-cast samples possess a hardness of 202HV. 
Figure 17 shows the variation in hardness for different aging time and temperatures. 
 
Figure 17. Aging Curve of as-cast Fe45Ni25Cr25Mo5 aged at 600°C - 1000°C 
Fe45Ni25Cr25Mo5 alloy exhibits a large hardening effect at temperatures of 700°C, 800°C, 900°C 
and 1000°C whilst having a smaller hardening effect at 600°C. At 600°C and 700°C, the 
hardness increases after 8 hours and 24 hours aging treatment respectively due to the solid 
solution effect as shown in the microstructure. The hardness of these as-cast samples is 
increased to 208 HV and 242 HV respectively. A second hardening effect may occur at longer 
aging time at these temperatures. 
On the other hand, 2 peaks are present in the aging curve for treatment at 800°C and 900°C. At 
800°C, for aging time less than 5 hours the hardness varies very little and the effect of solid 
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solution hardening starts to occur for aging treatment after 8 hours. The precipitates appeared 
at 800°C after 16 hours of aging treatment. The volume fraction of these precipitates increases 
as the aging treatment increases leading into a second hardening effect due to precipitation 
reaching the maximum increase of 71HV after 48 hours of aging treatment.  
The optimum age hardening occurred at the second hardening effect at 900°C for aging time of 
48 hours with hardness increased to 307HV. At 1000°C, the first hardening effect starts to occur 
at 48 hours as the particle begin to dissolve creating a solid solution strengthening effect. 
5.1.2 Microstructure  
The as-cast Fe45Ni25Cr25Mo5 microstructure are primarily showing FCC matrices and the 
eutectics. At low aging temperature the microstructure is found to be similar with the as-cast. 
However, as the aging temperature increases, precipitates start to form near the eutectic. 
 
 
 
 
 
 
 
 
Figure 18. Optical and SEM Image of the as-cast Fe45Ni25Cr25Mo5 
Figure 19. Microstructure of as-cast Fe45Ni25Cr25Mo5 age treated at 600°C  
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Figure 19 shows the microstructure of the as-cast sample age treated at 600°C. There are no 
precipitates forming at this temperature. The microstructure is consisting primarily of FCC 
matrices and eutectics and are, as mentioned, similar with the as-cast samples. No significant 
hardness increases during aging treatment at 600°C. The hardness only increases as high as 
6HV after 8 hours of aging. 
At temperature 700°C as seen in figure 20, the microstructure is similar with the as-cast and 
aging treatment at 600°C for low aging time. There are no precipitates forming until small 
number of nano-sized precipitates starts to form after 48 hours of aging treatment. These 
precipitates are forming near the eutectic. After 96 hours of aging treatment, the number of 
these nano-sized grows thus increasing the hardness to 222HV. 
At higher aging temperature of 800°C in figure 21, these nano-sized precipitates can be seen 
after 16 hours of aging treatment, however, it transformed into needle-shaped precipitates at 
longer aging time. As expected, the volume and size of these precipitates increases as the aging 
time increases. Aging treatment at 800°C have increased the hardness to 242HV. 
Figure 20. Microstructure of as-cast Fe45Ni25Cr25Mo5 age treated at 700°C 
Figure 21. Microstructure of as-cast Fe45Ni25Cr25Mo5 age treated at 800°C 
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The Scanning Electron Microscope (SEM) are used to have a closer look at the microstructure 
At 900°C of aging treatment. The needle-shaped precipitates start to form after 8 hours of aging 
treatment. More precipitates are formed after longer aging time. At aging treatment of 96 hours, 
these precipitates formed to an extend that the hardness is increased around 100HV as seen in 
the aging curve in figure 17. A closer look using Energy Dispersive Spectroscopy (EDS) 
Mapping were conducted too analyse the phase of these needle-shaped precipitates. 
 
Figure 12. Microstructure of as-cast age treated at 1000°C 
Figure 23. SEM Image of as-cast Fe45Ni25Cr25Mo5 age treated at 900°C 
Figure 22. Microstructure of as-cast Fe45Ni25Cr25Mo5 age treated at 1000°C 
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At the highest temperature of 1000°C, precipitates start to form after 2 hours of aging. The 
volume of these precipitates, however, decreased as aging time increases indicating a solid 
solution effect may occur. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To see the phase composition of these precipitates, Energy Dispersive Spectroscopy (EDS) 
Mapping are conducted. Figure 24 shows EDS Mapping of the optimum aging treatment 
temperature and time of 900°C and 48 hours respectively. It is seen that these needle-shaped 
Figure 24. EDS Mapping of the age treated Fe45Ni25Cr25Mo5 
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precipitates are (Cr, Mo)-rich and are the same phase with the eutectic which is in fact sigma 
(σ) phase. No new phase is formed during the aging treatment of Fe45Ni25Cr25Mo5 
5.2 Discussion 
At a lower temperature of 600°C and 700°C, as shown in figure 19-20, the microstructure is 
similar with the as-cast sample showing the FCC matrix and the eutectic structure which is 
composed of both σ-phase and FCC phase (σ + FCC). As Fe45 Ni25Cr25 Mo5 is hypo-eutectic [3] 
the FCC phase form firstly, and the rest of the liquid are transformed into (σ + FCC). This sigma 
phases are formed during solidification. At 700°C, the nano-sized precipitates in the as-cast 
samples dissolved leading to a solid solution effect that increases the hardness in both age-
treated samples. Alloying element impedes the dislocation motion and makes deformation more 
difficult to be achieved. Small nano-sized σ-phase starts to precipitate near the eutectic structure 
after longer aging time decreasing the solid solution effect. However, the volume fraction of 
these nano-sized precipitates is quite small and not enough to harden the alloy hence decreasing 
the hardness of the material. A second hardening effect (precipitation hardening) may appear 
at longer aging treatment at these temperatures. At 800°C and 900°C aging treatment, the solid 
solution effect appeared after 8 hours of aging treatment increasing the hardness of the as-cast 
samples. The nano-sized σ-phase precipitates starts to appear and transform into needle-shaped 
particles at 800°C after 16 hours of aging treatment as shown in figure 21. The volume fraction 
of these precipitates increases as the aging time increases. Energy Dispersive Spectroscopy 
(EDS) Mapping shown in figure 24, shows that these precipitates are the same phase with the 
eutectic, but they form in a different way. The eutectics are formed during solidification and 
these precipitates are formed during the aging treatment. These precipitates form from the 
matrix and grow into the eutectic structure. The eutectics restrict the growth of these 
precipitates. The size of these needle-shaped particles or precipitates are too big compared to 
what we want to achieve. With the same volume of precipitates, nano-sized precipitates are 
much more desirable since more precipitates would be formed. In addition, the needle-shaped 
precipitates have an anisotropic behaviour where the mechanical properties of the material are 
directionally dependent and would ease crack propagation. This property is undesirable when 
we are developing a material. The desired precipitates are small and round (spherical) 
precipitates that are randomly dispersed throughout the microstructure. At higher aging 
treatment, as shown figure 23, these needle-shaped precipitates start to dissolve as the aging 
time increases. The solid solution effect increases the hardness of the material. Similar to aging 
treatment at 600°C and 700°C, a second hardening effect (precipitation hardening) may appear 
at longer aging treatment at 1000°C. 
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6 Secondary Element Addition of Titanium and Boron 
The second phase of the project is to add intermetallic forming elements Titanium and Boron 
to the Fe45Ni25Cr25Mo5 Alloy. Addition of Titanium and Boron follows the composition (Fe45 
Ni25Cr25 Mo5)100-3xTixB2x with x varied from 0.2 – 1 (at%). Microstructure analysis are done 
using Scanning Electron Microscope (SEM) to analyse the effect of element additions to the 
alloy and hardness test were conducted to see if the hardness were increased. 
6.1 Results 
6.1.1 Hardness Analysis 
 
 
Figure 25. Hardness of (Fe45Ni25Cr25Mo5)100-3xTixB2x  with x valued from 0.2-1 
Figure 25 shows the hardness of the alloy as the value of x increases. From the graph, it is noted 
that low addition of Titanium and Boron (0.2% – 0.6%) have a little effect on the hardness of 
the Fe45 Ni25Cr25 Mo5. As addition increases, the hardness increases. The hardness starts to 
increase at x = 0.8% with the hardness increased to 226HV compared with the base Fe45 
Ni25Cr25 Mo5 hardness of 202HV. At 1% addition, the hardness increases significantly 
achieving the hardness of 273HV.  
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6.1.2 Microstructure  
 
 
Figure 26. SEM Image of microstructure as x value increases 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 27. EDS Mapping of Fe45Ni25Cr25Mo5 alloy with additions 
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The microstructure of the alloy with additions is similar with the as-cast Fe45Ni25Cr25Mo5 
except for addition at x = 0.2% which shows unrecognized crystal. To determine the phase 
composition of Fe45Ni25Cr25Mo5 with additions, Energy Dispersive Spectroscopy (EDS) 
mapping are conducted. Figure 27 shows the phase composition for the as-cast 1% addition of 
Titanium and Boron. The mapping shows that the boron are primarily present in the eutectic 
while on the other hand Titanium are present in both the eutectic and the matrix. The eutectics 
are no longer Cr-rich but are still Mo-rich. The additions have changed the eutectic structure of 
the alloy from divorced eutectic into a network of lamellar eutectic. 
6.2 Discussion
 
In x = 0.2% addition, new unrecognised particles or crystal are seen in the microstructure. Small 
additions may have change the morphology of the crystal structure of the as-cast sample. Figure 
28 shows the the composition of these unrecognized crystal. 
 
Figure 28. Composition of unrecognized particles at x = 0.2% additions 
Figure 29. Faceted Dendrite Phenomenon [36] 
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Hasse Fredriksson and co-worker [36] mentioned similar phenomenon in their book on 
solidiﬁcation and crystallization processing in metals and alloys. Altough it is not being 
specified, it is possible that addition of Boron may have affected the constitutional undercooling 
of the alloy thus increasing the growth rate of solid phase [36]. This increase of growth rate 
leads into a faceted dendrite morphologies. However, further studies are needed to see why only 
the addition of x= 0.2% affects the morphology of the dendrite. As the percentage of addition 
increases there are no faceted dendrite seen in the microstructure. 
Small white particles can be seen seen inside the microstructure as the percentage addition 
increases, this particles are likely to be Titanium as Titanium is very active and are likely to 
react with other metal to form intermetallics. These particles are formed during solidification 
and are present in the matrix and the eutectic.  
In highest percentage of titanium and boron addition, the boron segregate in the eutectic that 
changes the eutectic structure from divorced eutectic into networked lamellar eutectic. 
Scanning Electron Microscope (SEM) Images shown in figure 26(F), shows a very fine 
networked lamellar structure that are responsible for the increase of hardness. The change of 
eutectic structure from divorced eutectic to the networked fine lamellar eutectic have increased 
the hardness in the sample. Networked eutectic restricts and impedes dislocation motion. In 
term of composition, Energy Dispersive Spectroscopy (EDS) Mapping in figure 27 shows that 
the lamellar structure only shows Fe, Ni and Mo. Little to no boride are formed in the alloy. 
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7 Aging treatment of (Fe45 Ni25Cr25 Mo5)97 TiB2. 
The third phase of the project is to do aging treatment of Fe45Ni25Cr25Mo5 with element 
additions). The chosen composition was based on the hardness test result. Fe45Ni25Cr25Mo5 with 
1% TiB2 addition ((Fe45Ni25Cr25Mo5)97 TiB2) is chosen as the sample as it has the highest 
hardness between the samples. Optical and Scanning Electron Microscope (SEM) are used to 
have a closer look at the microstructure. Hardness test are used to plot the aging behaviour of 
(Fe45Ni25Cr25Mo5)97 TiB2. 
7.1 Results 
7.1.1 Aging Curve 
 
 
Figure 30. Aging Curve of as-cast (Fe45 Ni25Cr25 Mo5)97 TiB2 aged at 600°C - 800°C 
(Fe45 Ni25Cr25 Mo5)97TiB2 exhibits a large hardening effect at temperatures of 800°C whilst 
having a smaller hardening effect at 600°C and 700°C. At aging temperature 700°C the 
hardness starts to increase after 2 hours of aging treatment. After 4 hours of aging treatment at 
800°C, the hardness increased to 320HV while on the other hand no or little effect happened at 
600°C aging treatment. Hardness are further increased for aging temperature of 800°C and 
reached the peak of 403HV after 24 hours of aging.  
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Solid solution attempt shows that (Fe45 Ni25Cr25 Mo5)97TiB2 can’t be solid solution treated. Solid 
solution attempt on the alloy at 1000°C for 2 hours did not work as the temperature is too high 
causing the samples to burnt. Similarly, for solid solution treatment attempt at 900°C for 2 
hours, single solid solution is not achieved as eutectic structure still present in the matrix. 
7.1.2 Microstructure  
 
 
Figure 31. Microstructure of as-cast (Fe45 Ni25Cr25 Mo5)97 TiB2 age treated at 600°C 
 
Figure 32. Microstructure of as-cast (Fe45 Ni25Cr25 Mo5)97 TiB2 age treated at 700°C 
At lower temperature aging treatment of 600°C and 700°C, no significant difference in the 
microstructure of the alloy. The samples show the networked lamellar eutectic and is similar 
with the as-cast (Fe45 Ni25Cr25 Mo5)97TiB2. No precipitates are formed during the aging 
treatment. This results in no significant increase in the hardness at low temperature and only 
increase the hardness by 23HV to 300HV. Similar with Fe45Ni25Cr25Mo5 samples, low 
temperature aging treatment is proven to not have any effect to the microstructure and the 
hardness of the samples. 
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At higher and optimum aging temperature of 800°C, precipitates start to appear after 16 hours 
of aging treatment. Scanning electron microscope (SEM) is used to have a closer look of the 
microstructure. The precipitates found in the samples are similar with the needle-shaped 
precipitates formed on the Mo5 aging treatment, however, these precipitates are smaller in size 
(~5-10 Micron). The volume of these precipitates increases as the aging time increases. These 
precipitates are responsible for the increase of hardness. 
Figure 33. SEM Image of as-cast (Fe45 Ni25Cr25 Mo5)97 TiB2 age treated at 800°C 
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Figure 34. EDS Mapping of the age treated (Fe45 Ni25Cr25 Mo5)97 TiB2 
To determine the phase composition, Energy Dispersive Spectroscopy (EDS) Mapping were 
conducted for (Fe45 Ni25Cr25 Mo5)97TiB2 after 96 hours of aging treatment at 800°C. The 
precipitates forming are still (Cr, Mo)-rich or sigma (σ) phase. There is no new phase formed 
in the alloy. 
7.2 Discussion 
The smaller needle-shaped precipitates (~5-10 Micron) as seen in figure 33(D) formed at aging 
temperature of 800°C is responsible for the increase of hardness of the alloy. As seen in before 
in figure 26(F), the addition of Titanium and Boron changes the eutectic structure from a 
divorced eutectic into a network of fine lamellar eutectic structure. These networks of eutectic 
structure restrict the growth of these precipitates making them only can grow to a certain size. 
The mode of interaction between the precipitates and the dislocation motion are influenced by 
the particle size. With the same volume of precipitates formed on aging treatment, the number 
of smaller precipitates present will be higher than bigger precipitates hence impede the 
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dislocation motion. As the precipitates grow, smaller precipitates will disappear, and 
dislocation motion are looping around the bigger precipitates instead of cutting through it. The 
network of eutectics also restricts the movement of dislocation 
Energy Dispersive Spectroscopy (EDS) Mapping shows that no new phases are formed. These 
precipitates are the same phase with the eutectic. The addition of Titanium and Boron are likely 
too low since not much intermetallic and boride forming on the alloy. However, if the addition 
is increased it is expected that the alloy would indeed have a higher strength but will lose its 
ductility which are not desirable. 
 
 
Figure 35. Overall Hardness Comparison 
The combined effects of the network of eutectic and smaller precipitates forming on the age 
treated (Fe45 Ni25Cr25 Mo5)97TiB2 alloy have increased the hardness around 130HV from its as-
cast compared with aging treatment of Fe45 Ni25Cr25 Mo5 that increases the hardness of only 
100HV from its as-cast as shown in figure 35. In both cases, the high-volume formation of these 
sigma phase needle-shaped precipitates as shown in figure 23(F) and figure 33(G) have 
restricted dislocation motion thus increasing the hardness quite significantly. The additions of 
Titanium and Boron to the base alloy have increased the hardness from 202 HV to 273HV. The 
major difference between both samples is the eutectic structure as seen from figure 18 and 
figure 26(F).  The networks of eutectic impede the dislocation motion which, as a result, 
increased the hardness of the alloy with additions. These networks of eutectic are not present 
for low addition of Titanium and Boron as seen in figure 26(B), (C), and (D) resulting in no 
significant increase in hardness for the samples. Overall, the aging treatment and addition of 
new elements (Ti, B) to the base alloy have doubled the hardness. 
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8 Conclusion 
FCC-structured Fe45 Ni25Cr25 Mo5 high entropy alloys possess an extreme ductility but limited 
strength. This project explores the possibility of increasing the strength of Fe45 Ni25Cr25 Mo5 
alloy. The outcome and important findings of this research are highlighted below; 
 
1) Aging treatment of Fe45 Ni25Cr25 Mo5 have increased the hardness by 52%. The alloy 
shows little effect at low temperature and shows an optimum aging at aging temperature 
900°C after 48 hours. The peak hardness is 307HV 
 
2) Needle-shaped (~25-30 Micron) precipitates formed during the aging treatment. These 
precipitates are sigma phase and increases in volume as the aging time and temperature 
increases. These precipitates dissolved at 1000°C aging temperature 
 
3) The addition of Titanium and Boron have increased the hardness by 35%. The additions 
have changed the eutectic structure from divorced eutectic into a network of fine 
lamellar eutectic thus increasing the hardness. The optimum composition is 1% addition 
with the hardness peaked at 273HV 
 
4) Aging treatment of (Fe45 Ni25Cr25 Mo5)97TiB2 have increased the hardness by 100%. 
Aging shows little to no effect at low temperature. The optimum aging occurs at aging 
temperature 800°C after 48 hours. The peak hardness is 403HV 
 
5) Smaller sigma phase Needle-shaped (~5-10 Micron) precipitates formed during the 
aging treatment of (Fe45 Ni25Cr25 Mo5)97TiB2. Similar with the Fe45 Ni25Cr25 Mo5 aging, 
the volume of these precipitates increases as aging time increases 
 
The project has successfully doubled the hardness of the alloy by age treating the base alloy 
with Titanium and Boron additions. The hardness increased from 202HV to 403HV 
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9 Recommendations 
 
For continuation and improvement of the thesis, the following recommendations have been 
provided for consideration of future research on this topic 
 
1) Explore the possibilities of higher Titanium and Boron addition to Fe45 Ni25Cr25 Mo5 
 
2) Future work of grain refinements using Severe Plastic Deformation (SPD) to further 
increase the strength 
 
3) Discuss and explore the possibility of applying other type of strengthening mechanism 
of metals to Fe45 Ni25Cr25 Mo5 
 
4) Discuss and explore the possibility of adding different elements to Fe45 Ni25Cr25 Mo5
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Appendix 
APPENDIX A: Hardness Data 
Phase 1: Aging treatment of Mo5 
Table 9. Hardness data for Fe45 Ni25Cr25 Mo5 Aging treatment at 600°C. 
600°C 
Aging Hour 
Indentations  
Average Hardness (HV) 
1 2 3 4 5 
0           202 
1 196.5 189.8 201.4 205.9 178.9 194.5 
2 187.6 190.4 187.4 197.4 201.7 192.9 
4 191.7 195.5 179.3 192 171.8 186.06 
8 216.8 198.3 198.5 209.3 219.8 208.54 
16 190.7 177.9 183.9 180.8 184.1 183.48 
24 171 177 177.6 183.2 178.8 177.52 
48 186.1 182.2 183.3 179.4 172.9 180.78 
96 176.5 182 172.9 186.5 180.4 179.66 
 
Table 10. Hardness data for Fe45 Ni25Cr25 Mo5 Aging treatment at 700°C. 
700°C 
Aging Hour 
Indentations  
Average Hardness (HV) 
1 2 3 4 5 
0           202 
1 192.5 201.4 210 191.1 199.5 198.9 
2 205.2 199.4 201.1 208.1 193.3 201.42 
4 193.9 189.2 189.9 197.3 188.6 191.78 
8 211.4 189.8 219.7 202.4 191.6 202.98 
16 222.7 219.3 212.8 207.2 224.2 217.24 
24 226.7 222.9 247.8 297 216.4 242.16 
48 196.4 214.5 197.7 193.9 212.9 203.08 
96 228 206.5 239.7 210.9 227.4 222.5 
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Table 11. Hardness data for Fe45 Ni25Cr25 Mo5 Aging treatment at 800°C. 
800°C 
Aging Hour 
Indentations  
Average Hardness (HV) 
1 2 3 4 5 
0           202 
1 229.8 236.5 220 205.4 220.5 222.44 
2 199.2 213.6 219.1 224.7 231.6 217.64 
4 182.3 198.8 192.9 188.5 264.9 205.48 
8 216.8 236.5 354.4 239.5 319.9 273.42 
16 202.1 191 185.4 200 200 195.7 
24 212.8 199.2 196.8 185.5 216.8 202.22 
48 269.2 262.9 259.6 283.2 274.5 269.88 
96 269.3 250.6 244.6 284.1 273.6 264.44 
 
 
Table 12. Hardness data for Fe45 Ni25Cr25 Mo5 Aging treatment at 900°C. 
900°C 
Aging Hour 
Indentations  
Average Hardness (HV) 
1 2 3 4 5 
0           202 
1           203.18 
2 212.2 209.8 192.2 217.8 208.5 208.1 
4 204 200.9 206.1 186.4 199.7 199.42 
8 223.1 223.9 234.3 224 217.8 224.62 
16 233.4 253.8 269.7 228.1 277.3 252.46 
24 237.1 226.3 238.4 225.7 224.3 230.36 
48 302.9 298.1 312.7 309.1 302.8 305.12 
96 282.1 296.5 270.9 289.9 284.9 284.86 
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Table 13. Hardness data for Fe45 Ni25Cr25 Mo5 Aging treatment at 1000°C. 
1000°C 
Aging Hour 
Indentations  
Average Hardness (HV) 
1 2 3 4 5 
0           202 
1           198.72 
2 222.8 222.6 238.8 233.4 254.4 234.4 
4 205 216.1 230.1 227.9 244.6 224.74 
8           0 
16 211.3 209.3 213.3 217.4 225.9 215.44 
24 235.6 217.4 216.7 222.1 213.8 221.12 
48 209.1 211.1 215.9 218.7 217.2 214.4 
96 250 258.2 256.7 250 246.7 252.32 
 
Phase 2: Addition of Titanium and Boron to Mo5 
 
Table 14. Hardness of  Fe45 Ni25Cr25 Mo5 with as x value increases 
Hardness (Fe45 Ni25Cr25 Mo5)97TiB2 
x values 
In
d
en
ta
ti
o
n
s 
  0 0.2 0.4 0.6 0.8 1 
1   212.4 222.3 213 226.7 246.4 
2   223 217.2 204.7 230.5 272.5 
3   225 229.5 208.9 245.1 271.9 
4   221.7 233.1 205.1 235.6 269.7 
5   241.5 210.3 204.2 225.7 257.8 
6   203.2 205.7 206.3 229.5 283.5 
7   189.3 210.8 206.4 228.9 280.2 
8   196.8 187.8 215.5 205 280.8 
9   194.7 174.2 208.3 223.5 294 
10   201.3 190.9 216.2 213.5 275.1 
AVG 202 210.89 208.18 208.86 226.4 273.19 
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Phase 3: Aging of (Fe45 Ni25Cr25 Mo5)97TiB2 
Table 15. Hardness data for (Fe45 Ni25Cr25 Mo5)97TiB2  Aging treatment at 600°C. 
Hr 600°C 
  1 2 3 4 5 6 7 8 9 10 
AVG 
(HV) 
2 240.9 255.8 242.6 233.9 254.7 256.3 251.5 246.9 242.3 263.7 248.86 
4 236.7 240.4 240.1 241.6 240.4 227.7 230.6 237.2 252.4 248.7 239.58 
8 246.1 240.4 240.1 241.6 240.4 227.7 230.6 237.2 252.4 248.7 240.52 
16 277.9 289.2 293.6 297.3 246.6 256 267.9 256.7 259.4 268.6 271.32 
24 247.1 241.5 258.7 258.6 234.4 230.6 224.2 221.2 232.8 251.8 240.09 
48 242.1 222.9 238.3 245.5 246.7 246.2 260.5 251.3 252 250.1 245.56 
96 234.4 235.4 235.1 252.8 243.3 246.6 236.6 238.7 251.8 263.5 243.82 
 
Table 16. Hardness data for (Fe45 Ni25Cr25 Mo5)97TiB2  Aging treatment at 700°C. 
Hr 700°C 
  1 2 3 4 5 6 7 8 9 10 
AVG 
(HV) 
2 236 218.5 220.2 233 210 219.8 256.8 263.7 231.3 233.7 232.3 
4 256.8 259.8 268 274.5 256 264 279 248.7 279.9 259.3 264.6 
8 270.9 266.6 245.9 250.5 246.4 294.3 274.8 312.7 297.6 281.2 274.09 
16 251.3 265.4 257.9 275.4 269.5 270 280.8 253.1 251.8 274.5 264.97 
24 276.9 254.4 269.2 287.8 273 272.4 267.1 264.6 284.6 273.6 272.36 
48 296.6 327 332.9 265.1 268.3 307.3 304.8 283.8 299.3 317.7 300.28 
96 264.9 274.2 262.9 260.7 266.9 273.3 280.2 252 271.8 271.5 267.84 
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Table 17. Hardness data for (Fe45 Ni25Cr25 Mo5)97TiB2  Aging treatment at 800°C. 
Hr 800°C 
  1 2 3 4 5 6 7 8 9 10 
AVG 
(HV) 
2 274.2 261.2 279.9 271.2 256.3 284.6 258.5 283.3 262.3 259.3 269.08 
4 276.3 262.1 276.3 254.7 289.7 265.1 273.9 260.7 258.5 271.5 268.88 
8 293 314.1 330.9 362.2 319.3 333.3 314.9 327 310.9 319.7 322.53 
16 307.7 335.3 318.6 329.7 325 344.3 326.2 312 299.3 304.5 320.26 
24 317.7 346.8 368.6 349.8 327 341 338.9 319.7 330.9 346 338.64 
48 411.5 435.6 422.3 381 409.9 382 379.1 423.9 401.8 390.5 403.76 
96 406.1 375.3 383.9 395.1 386.9 388.9 386.4 386.4 377.1 396.6 388.27 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
